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Winter Water Properties and the Chukchi Polynya
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Abstract Water properties from moored measurements (2010–2015) near Icy Cape on the eastern Chukchi
shelf have been examined in relation to satellite observations of ice cover. Atlantic Water (AW), with tempera-
ture >218C and salinity >33.6, has been observed to upwell from deeper than 200 m in the Arctic Basin onto
the Chukchi Shelf via Barrow Canyon. Most previous observations of AW on the Chukchi shelf have been in or
near Barrow Canyon; observations of AW farther onto the shelf are rare. Despite mooring location on the shelf
�225 km from the head of Barrow Canyon, five AW events have been observed at mooring C1 (70.88N,
163.28W) in 4 years of data. All but one of the events occurred under openings in the sea-ice cover (either a
polynya or the ice edge). No events were observed during the winter of 2011/2012, a year with little polynya
activity in the region. In addition to changes in temperature and salinity, the AW events are typically associat-
ed with southwestward winds and currents, changes in sea-ice cover, and increased nutrient concentrations
in the bottom water. Estimates of heat content associated with the AW events suggest that the Chukchi Polyn-
ya can often be classified as a hybrid sensible heat/wind-driven polynya.

1. Introduction

1.1. Circulation
The Chukchi Sea is a broad, shallow arctic sea. During winter, the shelf is ice covered. Ice retreat begins in
spring and by September, the shelf is largely ice-free. Pacific Waters flow northward through Bering Strait to
the Chukchi Sea en route to the Arctic Basin. Northward transport through Bering Strait is seasonal, averaging
1.0 Sv (1 Sv 5 106 m3 s21) during April–September and 0.6 Sv during October–March [Woodgate et al., 2005a],
driven by the combination of a Pacific-Arctic pressure difference [Coachman and Aagaard, 1966; Coachman
et al., 1975], and local wind effects [Woodgate et al., 2005b]. Northward transport across the Chukchi Sea shelf
follows three main pathways influenced by the bathymetry of the shelf: flow through Herald Canyon [Coach-
man et al., 1975; Pickart et al., 2010; Weingartner et al., 2005; Woodgate and Aagaard, 2005]; flow through the
Central Channel between Herald and Hanna Shoals [Weingartner et al., 2005]; and flow close to the Alaskan
coast, exiting the shelf through Barrow Canyon [Coachman et al., 1975] (Figure 1). Northward (down-canyon)
flow in Barrow Canyon is strongest in summer and weaker in winter [Aagaard and Roach, 1990; Itoh et al.,
2013; Weingartner et al., 2005, 1998] and is often interrupted by up-canyon flow of upwelled water onto the
shelf. Upwelling in Barrow Canyon is most frequent in the fall [Aagaard and Roach, 1990].

1.2. Water Masses
In late summer, the Chukchi Sea exhibits a two-layer water column with well-mixed surface and bottom
layers separated by a strong pycnocline. During winter (the focus of our study), surface cooling, wind mixing
from storms, and brine rejection from ice formation vertically mix the water column. The various water
masses of the Chukchi Sea have been described by numerous investigators [e.g., Coachman et al., 1975;
Danielson et al., 2016; Gong and Pickart, 2015]. The warmest water in the eastern Chukchi Sea is Alaskan
Coastal Water (ACW) which enters the Chukchi Sea via Bering Strait in mid to late summer. The coldest
water mass, Pacific Winter Water (PWW), enters the Chukchi Sea through Bering Strait during winter and is
modified in regions of ice formation where brine rejection acts to increase the salinity of PWW [Itoh et al.,
2012; Woodgate et al., 2005a]. PWW flows off the shelf into the Arctic basin, sinking to feed the cold Arctic
halocline which shields the surface mixed layer from the warmer, saltier Atlantic layer below [Aagaard et al.,
1981; Coachman et al., 1975; Shimada et al., 2005]. While various investigators use different definitions, Gong
and Pickart [2015] define ACW as water with potential temperature >38C and PWW as that colder than
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218C. We will broadly distinguish between bottom waters influenced by warm ACW and cold PWW. Special
attention will be paid to upwelled relatively warm and salty Atlantic Water (AW).

Upwelling events occur frequently in Barrow Canyon and the majority of these events result in reintroduc-
tion of PWW onto the shelf [Schulze and Pickart, 2012]. During some upwelling events, Atlantic Water (AW),
with potential temperature >218C and salinity >33.6, has been observed to upwell from deeper than
200 m in the Arctic Basin onto the Chukchi Shelf via Barrow Canyon. Upwelling of AW has been attributed
to easterly wind events [e.g., Pickart et al., 2009, 2011] and/or shelf waves [Aagaard and Roach, 1990] and
the heat flux associated with the upwelling events has been found to be large enough to be of local signifi-
cance to the surface heat budget [Aagaard and Roach, 1990; Hirano et al., 2016]. Easterly winds produce the
strongest upwelling response during the partial ice season when mobile ice keels can result in enhanced
surface stresses. While the response is weaker during full ice cover, upwelling events are still observed [Pick-
art et al., 2013; Schulze and Pickart, 2012; Williams et al., 2006]. Most observations of AW on the Chukchi shelf
have been in or near Barrow Canyon [Aagaard and Roach, 1990; Garrison and Paquette, 1982; Itoh et al.,
2013; Mountain et al., 1976]. However, Bourke and Paquette [1976] observed AW as far onto the shelf as Icy
Cape (�225 km from the head of Barrow Canyon) in August 1975. They note similar occurrences of AW far-
ther onto the shelf in 1922 and 1958 but suggest that such occurrences are rare.

1.3. Polynyas
The polynya that occurs along the Alaskan coast between Cape Lisburne and Point Barrow is the largest in
the western Arctic [Itoh et al., 2012]. Ice formation and brine rejection in the polynya results in increased

Figure 1. Map of the Chukchi Sea showing bathymetry (color scale; m) and schematic currents, location of moorings C1–C5 (yellow
circles), location of regions used for calculating time series of percent ice cover from SSMI (red squares).
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salinity of the PWW to form the densest water mass to enter the western Arctic Ocean [Aagaard et al., 1981;
Weingartner et al., 2005, 1998] resulting in a significant contribution to the cold halocline layer of the Arctic
Ocean [Cavalieri and Martin, 1994]. The thick temperature minimum and cold halocline layer form an effec-
tive barrier between the relatively fresh surface mixed layer of the Arctic and the warmer, saltier Atlantic lay-
er below [Shimada et al., 2005].

Polynyas are traditionally defined by their formation and maintenance mechanism as either ‘‘sensible heat’’
or ‘‘wind-driven.’’ Sensible heat polynyas are a result of oceanic sensible heat melting (or preventing forma-
tion of) ice. Wind-driven polynyas (also referred to as ‘‘latent heat polynyas’’) are mechanically driven via
divergent ice motion due to winds or currents. In wind-driven polynyas, the water is usually at the freezing
temperature and heat loss to the atmosphere results in high rates of ice formation [Morales Maqueda et al.,
2004]. Most shelf water polynyas are wind-driven polynyas but there are exceptions. Many polynyas in the
Canadian Arctic Archipelago are caused by surfacing of warm Atlantic water due to tide-induced mixing
(sensible heat polynyas) [Melling et al., 1984]. In other cases, shelf water polynyas are maintained by both
sensible heat and wind forcing [Kozo, 1991; Morales Maqueda et al., 2004]. It has been largely assumed that
the polynyas observed in the eastern Chukchi Sea are wind-driven polynyas formed through wind forced
coastal divergence. However, mooring data over Barrow Canyon in 2009/2010 suggest that heat flux associ-
ated with upwelled AW plays a role in polynya formation there [Hirano et al., 2016]. Hirano et al. [2016] sug-
gest that the Barrow Coastal Polynya should be considered a wind-driven hybrid polynya, with both
sensible heat and wind-driven divergence caused by the northeasterly wind.

2. Data and Methods

2.1. Mooring Data
A series of moorings has been deployed in the eastern Chukchi Sea since 2010 (Table 1). Moorings were
deployed in August or September and recovered approximately 1 year later. Mooring designs were identical
for each year. To avoid ice keels, each mooring was <10 m off the bottom. We report near-bottom tempera-
ture and salinity (Sea-Bird Scientific Seacat), nitrate (Satlantic ISUS), and currents (300 or 600 kHz Teledyne
Sentinel Acoustic Doppler Current Profiler; ADCP). Data were collected at least hourly and all instruments
were calibrated prior to deployment. The physical and chemical data were processed according to the man-
ufacturers’ specifications. All current time series were low-pass filtered with a 35 h, cosine-squared, tapered
Lanczos filter to remove tidal and higher-frequency variability, and resampled at 6 h intervals. CTD and
water bottle casts were conducted following or preceding mooring recoveries and deployments to provide
quality control of the data collected by some of the instruments on the moorings (e.g., temperature, salinity,
and nitrate).Vertical shears calculated from unfiltered ADCP velocities are used to examine likely periods of
enhanced mixing.

2.2. Other Data
The NOAA/NSIDC Climate Data Record sea-ice concentrations [Meier et al., 2013, updated 2015; Peng et al.,
2013] (downloaded from nsidc.org) are an estimate of the fraction of ocean area covered by sea ice. These
data are produced by combining concentration estimates created using two algorithms developed at the
NASA Goddard Space Flight Center (GSFC): the NASA Team algorithm [Cavalieri et al., 1984] and the Boot-
strap algorithm [Comiso, 1986]. NSIDC applies the individual algorithms to brightness temperature data
from Remote Sensing Systems, Inc. (RSS). Sea-ice concentrations were averaged over three regions sur-
rounding moorings C1–C3 (Figure 1) to obtain time series for the 5 years of our study. Maps of daily sea-ice
concentration are shown for select periods of time and monthly climatologies were calculated using the
five winters of our study period to examine the mean seasonal cycle.

Table 1. Mooring Depths, Locations, and Years Deployed

Mooring Years Deployed Latitude (8N) Longitude (8W) Depth (m)

C1 2010, 2011 2013, 2014 70.84 163.20 46
C2 2010, 2011, 2012, 2013, 2014 71.22 164.25 44
C3 2010, 2011 71.83 165.98 45
C4 2012, 2013, 2014 71.04 160.49 44
C5 2013, 2014 71.21 158.00 45
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Wind data from the NCEP North American Regional Reanalysis (NARR) interpolated to the location of mooring
C2 (71.228N, 164.258W) were used to examine relationships between wind speed and direction and water
properties observed at the moorings. The NARR data set was developed to provide higher spatial resolution
and accuracy of temperatures and winds compared to available global reanalyses [Mesinger et al., 2006].

3. Results

3.1. Sea Ice
Using monthly average ice concentration calculated from 2010 to 2015 (Figure 2), we describe the seasonal
cycle of ice cover in the Chukchi Sea. From August to October, the Chukchi Sea is largely free of sea ice. Ice
begins to advance from the north in October. Mean ice concentrations >30% are observed along the Siberi-
an coastline south of Wrangel Island and along the eastern side of the Chukchi Sea in November/December.

Figure 2. Monthly ice concentration climatology using SSMI data from 2010/2011 winter to 2014/2015 winter.
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From January to April, ice concentrations are >95% throughout the Chukchi Sea except for the region along
the Alaskan coast between Bering Strait and Point Barrow, where mean ice concentrations <85% are
observed in January. The Chukchi Polynya occurs in this region. Sea ice begins to retreat from the Chukchi
Sea in May with earlier retreat in the polynya region along the Alaskan coast than similar latitudes else-
where in the Chukchi Sea.

During the 5 years of our study, ice appears at our C1–C3 mooring locations in late October to mid-
November and increases rapidly from 0% to �100% ice cover in a period of less than 2 weeks (Figure 3).
After the initial ice advance, ice cover typically remains close to 100% until at least May, except during
short-lived events (especially at C1, the mooring closest to the coast). These reduced ice cover events usual-
ly indicate the occurrence of the coastal polynya although occasionally, they are associated with a tempo-
rary retreat of the ice edge (i.e., late November 2010). During the 5 years of our study, polynyas occurred in

Figure 3. Daily average percent ice cover calculated from SSMI data in the three regions surrounding moorings C1 (black), C2 (red), and C3 (green) during the five years of our study. See
Figure 1 (red squares) for locations of the three regions.
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early January 2011, throughout January 2013, in mid-December 2013, and in late January 2014. The winter
of 2011/2012 was notable for the lack of reduced ice cover while the winter of 2013/2014 exhibited much
higher frequency of reduced ice cover events (Figure 3). In 2013/2014 and 2014/2015, reduced ice cover
events were also more extensive spatially, impacting the regions around all three moorings.

3.2. Water Properties
The seasonal cycle of bottom waters on the eastern Chukchi Sea shelf generally trace a triangular pattern in
temperature/salinity space (Figure 4) [see also Woodgate et al., 2005b] with the vertices of the triangle
denoted by the (1) warmest temperature, (2) lowest salinity, freezing temperature, and (3) higher salinity,
freezing temperature. Each deployment of our moorings begins in August or September when the waters
are generally warmest (near the top of the triangles). As autumn progresses, surface cooling and mixing
(prior to the formation of ice) results in cooling and freshening of the bottom waters. As ice begins to form
(typically in November), salinities begin to increase and temperatures are close to the freezing line. Over the

Figure 4. Potential temperature versus salinity plots for moorings (a) C1, (b) C2, (c) C3, (d) C4, and (e) C5. Data from each annual deploy-
ment are color coded: 2010/2011 (red), 2011/2012 (green), 2012/2013 (light blue), 2013/2014 (blue), and 2014/2015 (pink). Bold black line
on each plot indicates freezing line. Dates of 2011/2012 warming/freshening events discussed in text are noted.
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course of the winter, salinity varies from �31.0 to over 34.0 depending on year and location, and tempera-
tures mostly remain close to the freezing line. Finally, during spring and summer, the third leg of the trian-
gle is completed with warming and freshening associated with surface heat fluxes and advection. This
seasonal cycle in temperature and salinity is influenced both by local processes associated with ice forma-
tion/melt and convection/mixing, and by advection primarily from Bering Strait [Woodgate et al., 2005b].

The five moorings illustrate spatial differences in this triangular seasonal cycle. Of the three Icy Cape moor-
ings (C1, C2, and C3), the warmest summer (August/September) waters are observed at C1 (>58C) while C3
exhibits summer temperatures between 4 and 58C. C2 exhibits the coldest summer temperatures (3–48C in
summer 2011 and 2014 but colder than 28C in 2010 and 2012). This temperature difference is likely due to
differences in vertical stratification among the three moorings.

Figure 5. Potential temperature (black) and salinity (red) for each annual deployment of the C1 mooring. Horizontal gray line indicates
salinity 5 33.6. Periods when salinity >33.6 are indicated by blue bars. Periods in the fall of 2011 when temperature increased coincident
with a decrease in salinity (discussed in text) are noted.
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During winter, salinity >33.6 was observed at C1 and C2, but not at C3. High salinities lying along the freez-
ing line (Figure 4) indicate modification of PWW through brine rejection while salinity >33.6 and tempera-
ture warmer than freezing indicate the presence (or at least influence) of upwelled Atlantic Water. Both
brine rejection and AW are observed at C1 and C2. Upwelled AW is not observed at C3 (farthest from the
coast). Moorings C4 and C5 (closer to Barrow Canyon) also show water properties consistent with upwelled
AW in 2013/2014 and 2014/2015. Details of the AW upwelling events are discussed further below.

3.3. Atlantic Water Events
On the T/S plot (Figure 4), waters influenced by AW upwelling appear as a ‘‘tail’’ with high salinity and
above-freezing temperatures on the right side of the plot. To examine the timing of these events, we plot
time series of winter temperature and salinity at C1 and focus on events with S> 33.6 (Figure 5). The time
periods when S> 33.6 in 2010, 2011, 2014, and 2015 are noted by blue bars at the top of the time series
plots. No such events are observed at C1 in 2011/2012.

During autumn, temperature and salinity often vary inversely to each other. These events (e.g., 1 October
2010, 23 October 2011, 12 November 2011) oscillate between warmer/fresher ACW and cold/salty PWW. The
2011/2012 deployment clearly shows four separate events (see vertical blue lines and date labels in Figure 5)
of warming/freshening with the peak of each event progressively cooler than the preceding events, presum-
ably reflecting seasonal changes in the properties of the ACW. These events could be the result of local mix-
ing, bringing surface ACW water properties to depth or advection of pulses of ACW past the mooring.

In contrast, the signature of AW intrusions is defined by events where salinity and temperature both increase
together: salinity increases to >33.6 and temperature increases above the freezing temperature. Out of the
eight events noted by blue bars in Figure 5, six show this signature (Table 2). The events occurring on 13–19
February 2011 (event 4) and 26 January to 26 February 2015 (event 8) are different in that while S> 33.6, T
slightly decreases (staying right along the freezing line in Figure 4). This is a signature of brine rejection.

We will investigate the events shown in Table 2 in detail.
3.3.1. Event 1: 26 October to 3 November 2010
On 26 October 2010, potential temperature abruptly increased from 21.3 to 20.68C in less than a day (Fig-
ure 6). At the same time, salinity increased from 33.0 to 34.0. Temperature and salinity also increased at C2
(not shown) on 31 October (averaging 20.98C, 33.6 over 31 October to 3 November), indicating that the
AW was relatively broadly distributed. C2 is approximately 55 km farther from the Alaskan coast than C1.
While deep nitrate concentrations at C1 fluctuated between �5 and 12 mM/L in the weeks prior to the event
(Figure 6), nitrate was remarkably consistent during the event, averaging 11.8 mM/L (0.5 standard deviation)
indicating that the AW may be a significant source of nutrients to the Chukchi Shelf. Winds were strong
(>10 m s21) and primarily out of the northeast for �10 days leading up to this event. Bottom currents were
southwestward at speeds >20 cm s21 in the days leading up to the event.

In the 4–5 days prior to the event, the water column exhibited weak vertical shear except near the surface (Fig-
ure 6; bottom plot). With the onset of the event, shear increased dramatically suggesting active mixing through-
out the water column. On 29 October, temperature, salinity, and nitrate concentrations abruptly but briefly
decreased during high wind speeds (>15 m s21) suggesting the influence of mixing between the deep AW and

Table 2. Events With S> 33.6 at C1

Salinity
Temperature

(8C)
Density

(rh; kg m23)

Event Dates
Duration

(h) Ave Max Ave Max Ave Max Notes

1 26 Oct to 3 Nov 2010 167 33.99 34.44 20.8 20.4 27.33 27.69 AW, ice advance
2 22–24 Nov 2010 49 33.76 33.90 21.5 21.4 27.16 27.28 AW influenced (too cold to be

considered AW), ice edge
3 1–7 Jan 2011 126 34.11 34.56 21.1 20.1 27.43 27.76 AW, polynya
4 13–19 Feb 2011 125 34.23 34.59 21.8 21.8 27.56 27.85 Brine Rejection, 100% ice cover
5 23–29 Jan 2014 142 34.01 34.53 21.5 21.0 27.36 27.78 AW, polynya
6 20–27 Oct 2014 162 34.08 34.66 20.5 0.1 27.39 27.85 AW, open water
7 5–11 Nov 2014 162 34.00 34.31 20.8 20.6 27.34 27.58 AW, ice edge
8 26 Jan to 26 Feb 2015 757 34.55 35.82 21.9 21.8 27.82 28.85 Brine Rejection, polynya

Journal of Geophysical Research: Oceans 10.1002/2016JC011918

LADD ET AL. WATER PROPERTIES AND CHUKCHI POLYNYA 5523



colder, fresher, nutrient-poor surface waters. A pulse of high shear descended from near the surface toward
depth early on the 29th supporting the hypothesis of wind-induced mixing. After the mixing event, salinity and
nitrate increased to previous levels. However, while temperature increased from the minimum (21.38C)
observed on 29 October, it did not fully recover to the temperatures observed early in the event (averaging
20.88C during 26–28 October).

Figure 6. Time series of (a) NARR 10 m wind vectors (71.228N, 164.258W; m s21); (b) potential temperature (black; 8C), freezing temperature (blue; 8C), and salinity (red); (c) current vectors
(cm s21); (d) nitrate (mM/L); (e) Log of vertical shear squared. Except for NARR winds, all data were collected at C1. Events discussed in text are denoted by gray shading.
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Elevated temperature and salinity at C1 continued until 3 November when temperature rapidly dropped to
21.78C (just 0.28C above freezing) while salinity remained elevated at �34.5, indicating the influence of
brine rejection as ice began to close over the mooring. Ice concentration maps (Figure 7) suggest that ice
formation was likely occurring during this time.

This entire event occurred during ice advance. At the beginning of the event, ice concentration at all three
moorings was <10% (Figures 3 and 7). By 30 October, ice concentration was nearing 50% near the coastline
and concentrations at C1 were 10–20%. By 1 November, all three moorings were covered by >20% ice con-
centration while a region of open water (<10%) remained northeast of the mooring line (closer to Barrow
Canyon). We speculate that this pattern of ice advance (with more open water near the head of Barrow Can-
yon) is due to the influence of warm, upwelled AW delaying ice formation in the region.

Another weak event occurs on 7–10 November. This event shows a similar correspondence between
increased temperature, salinity, and nitrate (event 1a; Figure 6). However, while temperatures warm above
the freezing temperature indicating that this event is not due to brine rejection, the temperature signal is
quite weak (an increase of �0.28C). Salinity approaches, but does not reach, the 33.6 threshold used for
defining AW. This brief event may be a signature of upwelled AW that has mixed along the way and thus
exhibits a much weaker signal.

Figure 7. Daily SSMI ice concentration from 26 October to 3 November 2010. Location of three moorings is denoted by yellow circles.
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3.3.2. Event 2: 22–24 November 2010
On 22 November 2010, salinity again increased to >33.6 with an associated weak increase in temperature (Fig-
ure 5). This occurred during a retreat of the ice edge (not a polynya) that resulted in C3 being closer to the ice
edge than the more coastal moorings C1 and C2 (Figure 3). The increase in salinity and temperature likely indi-
cated another weak upwelling event but the temperature does not reach levels that would be considered AW.

Figure 8. Time series of (a) NARR 10 m wind vectors (71.228N, 164.258W; m s21); (b) potential temperature (black; 8C), freezing temperature (blue; 8C), and salinity (red); (c) current vectors
(cm s21); (d) nitrate (mM/L); (e) log of vertical shear squared. Except for NARR winds, all data were collected at C1. Events discussed in text are denoted by gray shading.
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3.3.3. Event 3: 1–7 January 2011
Through most of December 2010, water temperature was very close to the freezing point (Figure 8) and ice
cover over the mooring was close to 100% (Figure 3). On 1 January 2011, after �10 days of northerly winds,
temperature at C1 increased from the freezing point (21.88C) to 20.18C in about 15 h (Figure 8). At the
same time, salinity increased from 33.1 to 34.6 and nitrate concentration increased from 8.3 to 11.3 mM/L.
No sign of this event was observed at C2, indicating that the AW was tightly confined to the coast. The
strongest temperature signal lasted only one day but temperatures remained mostly higher than freezing
(and salinity and nitrate remained high) until 7 November. A brief dip to freezing temperature late on 2 Jan-
uary occurred while C1 was near the edge of the polynya (Figure 9) and may be a sign of brine rejection.

Ice concentration maps (Figure 9) show the development of a polynya at the same time AW is observed at
C1. The polynya is first observed on 31 December 2010 northeast of the mooring line between Point Barrow
and Wainwright. The region of reduced ice concentration moves southwestward over the next few days,
reaching C1 on 2 January 2011. The lowest ice concentration values and largest horizontal extent occurs on
3 January before the polynya retreats back toward the northwest. However, even at its largest horizontal
extent, the polynya does not appear to influence C2 (consistent with the lack of observed AW signal at C2).
By 7 January, only a slight reduction in ice concentration is observed near Point Barrow.

Figure 9. Daily SSMI ice concentration from 30 December 2010 to 7 January 2011. Location of three moorings is denoted by yellow circles.
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Figure 10. Time series of (a) NARR 10 m wind vectors (71.228N, 164.258W; m s21); (b) potential temperature (black; 8C), freezing tempera-
ture (blue; 8C), and salinity (red); (c) current vectors (cm s21); (d) nitrate (mM/L); (e) log of vertical shear squared; (f) potential temperature
(black; 8C), freezing temperature (blue; 8C), and salinity (red) at C4; (g) potential temperature (black; 8C), freezing temperature (blue; 8C),
and salinity (red) at C5. Events discussed in text are denoted by gray shading.
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3.3.4. Event 5: 23–29 January 2014
At the C1 mooring, bottom salinity began increasing on 22 January 2014 with temperature beginning to
increase approximately a day later (23 January 2014) (Figure 10). Temperature increased rapidly from 21.8
to 21.18C in about 5 h. Nitrate concentrations also increased (averaging 11.6 mM over 23–29 January)

Figure 11. Daily SSMI ice concentration from 17 January to 28 January 2014. Location of four moorings is denoted by yellow circles.
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coincident with the increased temperature and salinity. Salinity, temperature, and nitrate all decreased briefly
on 25 January as winds turned to southerly and currents turned to northward. Temperatures remained above
freezing until 29 January when winds changed from primarily easterly during the event to southerly.

The C4 mooring is approximately 100 km away from C1 and closer to Barrow Canyon (Figure 1). Increasing
temperature and salinity were observed at C4 on 19–20 January, about 3 days earlier than at C1. An advec-
tive speed of �40 cm s21 is required to travel 100 km in 3 days. In the period 19–23 January 2014, bottom

Figure 12. Time series of (a) NARR 10 m wind vectors (71.228N, 164.258W; m s21); (b) potential temperature (black; 8C), freezing tempera-
ture (blue; 8C), and salinity (red); (c) current vectors (cm s21); (d) log of vertical shear squared; (e) potential temperature (black; 8C), freezing
temperature (blue; 8C), and salinity (red) at C4; (f) potential temperature (black; 8C), freezing temperature (blue; 8C), and salinity (red) at C5.
Events discussed in text are denoted by gray shading.
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current speeds were southwestward at both C1 (32 cm s21) and C4 (48 cm s21), consistent with advection of
the AW from C4 to C1. The C5 mooring deployed within Barrow Canyon also exhibited increased temperature
and salinity with the signal appearing on 18 January. While temperatures fell to the freezing point at C1 on 29
January, they remained elevated at C4 (until 6 February) and C5 (until 1 February).

All four moorings (C1, C2, C4, and C5) were covered by 100% ice on 18 January 2014 (Figure 11). Coincident
with the first appearance of increased temperature and salinity, the polynya first appeared on 19 January
with reduced ice cover over C4 and C5 while C1 and C2 were still under 100% cover. The polynya advanced
southwestward and by 22 January, C1 began to see reduced ice cover. The strongest polynya signal at C1
occurred around 24 January after which the polynya began to retreat back toward the northeast.
3.3.5. Event 6: 23–27 October 2014
Event 6 was unusual in that it occurred under open water conditions (Figure 3) prior to temperatures cool-
ing to the freezing point (Figure 12). Salinity started to increase on 22 October after a period of strong
northeasterly winds and southwestward bottom currents. High temperatures and salinities were also
observed at C4 and C5 a couple days prior to the event at C1. High shear was observed at C1 on 21–24
October and 26–27 October suggesting active mixing. During 24–25 October, vertical shear was low,

Figure 13. Daily SSMI ice concentration (percent) from 4 November to 12 November 2014. Location of four moorings is denoted by yellow circles.
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currents were weak, and temperature and salinity were remarkably stable. The AW event ceased on 27
October with the arrival of warmer (>18C), fresher (<32) water coinciding with strong southeastward
currents.
3.3.6. Event 7: 5–11 November 2014
Salinities began to increase on 5 November as C1 was under �20% ice cover at the edge of the advancing ice
(Figures 12 and 13). Patterns of current flow were similar to event 6 with strong southwestward flow that
weakened and rotated to the southeast over the course of the event. Both events 6 and 7 were preceded by
AW passing the C5 mooring, and AW was evident almost continually from 19 October to 13 November at C4.
Both of these events were observed at the C2 mooring as spikes in salinity and nitrate (not shown).
3.3.7. Events 4 and 8: Brine Rejection Events
On 13 February 2011, salinity at C1 rose above the 33.6 threshold, reaching a maximum of 34.6 on 17 Febru-
ary (Figure 5). At the same time, temperature was at the freezing point. This increase of salinity combined
with freezing temperatures indicates water formed (or at least influenced) by brine rejection during ice for-
mation. The Chukchi shelf was completely ice covered at the time (not shown) so it is unclear where the
pulse of high salinity water came from. Currents were northeastward prior to the event suggesting that the
water may have come from farther south although the ice edge was quite far away near the Bering Sea
shelf-break at the time.

On 31 January 2015, salinity of 35.8 was observed at C1 (Figure 5), higher than previously recorded in 4
years of data at C1 (and to our knowledge higher than ever observed on the Chukchi Shelf). In addition to
the Seacat measurement at 39 m, a SBE 37 microcat was also deployed nearby (<100 m away) at 37 m.
Both instruments recorded similar salinities, increasing confidence in the accuracy of these observations.
These high salinities were associated with freezing temperatures, again indicating brine rejection. This event
began under relatively weak (<10 m s21) southerly winds and southeastward currents (not shown)
although winds changed direction over the course of the event. The event coincided with a relatively exten-
sive polynya that extended from Cape Lisburne to Icy Cape. This polynya did not follow the pattern of the
other polynyas discussed in this paper (opening first near Barrow and advancing southward retreating back
to north as it closed). In contrast, the polynya was strongest near Cape Lisburne and appeared to open and
close in place. With no indication of upwelled AW, this polynya was likely a wind-driven polynya with no sensible
heat mechanism operating. The brine rejection event observed in January/February 2015 at C1 may be quite rare
as the other polynyas investigated here have been hybrid sensible heat/wind-driven polynyas exhibiting little
brine rejection. In contrast to the AW events discussed above, high salinity was observed�3 days later at C4 sug-
gesting northward advection.

4. Discussion

While Atlantic Water upwelling in Barrow Canyon has been found to exhibit high interannual variability
[Aagaard and Roach, 1990; Weingartner et al., 1998], we have observed five AW events in four winters of
data at C1, suggesting that AW regularly reaches farther onto the shelf than previously observed. These
events typically occurred with northeasterly winds and southwestward currents with AW reaching the C1
mooring �1 week after the initiation of wind and current forcing. Wind and current direction combined
with coincident observations closer to Barrow Canyon (C4, C5) suggest that the source of the AW observed
at C1 is upwelling in Barrow Canyon.

Examining the ice cover (Figure 3) around the C1 mooring suggests that reductions in sea-ice concentration
are often associated with upwelled AW. Unfortunately, no data were collected at C1 during January 2013

when ice cover was reduced over
almost the entire month of January.
While ice near the C2 mooring
showed declines in January 2013, AW
was not observed at C2. Within our 4
year observational record at C1, the
only time that substantial ice reduc-
tion during winter was not accompa-
nied by an AW signal was in mid-
December 2013 (Figure 3).

Table 3. Heat Content of AW Events at C1 Relative to Freezing Temperature of
21.848C (Assuming 40 m Deep Water Column With Consistent Temperature)

AW Events Heat Content
Thickness of Ice

That can be Melted

Event 1 (26 Oct to 2 Nov 2010) 1.66 3 108 J m22 0.5 m
Event 3 (1–7 Jan 2011) 1.21 3 108 J m22 0.4 m
Event 5 (23–29 Jan 2014) 0.54 3 108 J m22 0.2 m
Event 6 (20–27 Oct 2014) 2.20 3 108 J m22 0.7 m
Event 7 (5–11 Nov 2014) 1.70 3 108 J m22 0.5 m
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Morales Maqueda et al. [2004] note that most shelf water polynyas are mechanically driven polynyas but
there are exceptions. Many polynyas in the Canadian Arctic Archipelago are caused by surfacing of warm
Atlantic Water (sensible heat mechanism) [Melling et al., 2015]. In other cases, shelf water polynyas are main-
tained by a mixed sensible heat/wind-driven mechanism [Hirano et al., 2016; Mysak and Huang, 1992].
Observations of vertical shear suggest that mixing from near bottom to near surface often occurs during
the AW events suggesting that the observed warmer bottom temperatures could reach near the surface
where they could influence the ice. Thus, it is possible that the warm upwelled AW observed at C1 could
contribute to the opening and/or maintenance of the polynya in the eastern Chukchi Sea. However, it is dif-
ficult to tease apart the combined influence of the two mechanisms as easterly winds drive both a coastal
divergence and upwelling at the shelf-break via Barrow Canyon [Hirano et al., 2016]. Assuming the water col-
umn was well mixed and the temperature observed near the bottom at C1 was uniform throughout the water
column, we can estimate the heat content of that column of water relative to freezing temperatures
(Tf 5 21.848C at S 5 33.6). Event 6 exhibited the highest heat content of the five AW events (Table 3). Assum-
ing the heat content of the entire water column was available to melt ice, the heat content of event 6 was
enough to melt �0.7 m thick ice. If that heat is continuously replenished over the lifetime of the event, ice
melt due to sensible heat could act to delay ice formation and closing of the polynya. Thus, the observed AW
events contain enough heat to have a significant influence on regional ice cover.

Coastal polynyas can be active areas of ice formation and enhanced brine rejection, resulting in hyper-saline
varieties of PWW [Aagaard et al., 1981; Weingartner et al., 2005, 1998]. Ice formation depends on both the fre-
quency of open water associated with the polynya and the temperature of the water within the polynya [Itoh
et al., 2012]. However, most heat budget estimates of brine rejection associated with the Chukchi Polynya
have assumed that the water column temperature within the polynya was at the freezing point [e.g., Itoh
et al., 2012; Martin et al., 2004; Weingartner et al., 1998]. If the Chukchi Polynya is often influenced by the heat
content of upwelled AW, then active ice formation would be reduced. At C1, during our 4 years of observa-
tions, brine rejection was infrequently observed, implying that the polynya may be less important to the pro-
duction of high salinity PWW than previously assumed. Two instances of cold (freezing temperature), hyper-
saline water were observed at C1. The first (event 4) occurred during 100% ice cover in the Chukchi Sea and
was likely advected from farther south in the Bering Sea. The second (event 8), exhibited higher salinities that
previously recorded on the Chukchi shelf and likely formed in a polynya near Cape Lisburne. Our time series
at C1 suggest that polynyas north of Icy Cape are likely to be influenced by warm upwelled AW while poly-
nyas observed farther south are more likely to be responsible for salinization of PWW.

Thinner ice may result in a longer partial ice season. Easterly winds produce the strongest upwelling
response during the partial ice season [Schulze and Pickart, 2012]. Thus, the observed trend toward thinner
ice in the Arctic [e.g., Lindsay et al., 2009; Maslanik et al., 2007] may result in enhanced effects of upwelling
winds possibly resulting in more frequent and/or longer duration of events and larger spatial influence. If
easterly winds can result in stronger upwelling of AW due to thinner ice, the influence of the sensible heat
mechanism on polynya formation may be increasing.
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